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Transition metal nitrides such as TiN, ZrN,… have a potential use as back electrodes in 
Cu(In,Ga)S2 or Cu(In,Ga)Se2 solar cells. Important properties of the back electrode are its 
conductivity, reflection at higher wavelengths, mechanical and chemical stability, and its barrier 
properties for impurity diffusion when metal foils are used as flexible substrate for the solar cells.  
Here, TiN thin films were deposited with reactive magnetron sputtering and were characterized with 
Rutherford backscattering spectroscopy, X-ray reflection, ellipsometry and UV-Vis-NIR optical 
spectroscopy. The resulting thin film density and optical reflection were characterized and 
compared to the particle fluxes towards the substrate. Therefore, the total momentum flux, total 
energy flux and momentum flux of target species towards the growing film were measured or 
simulated. A distinct relation between the density and optical reflection of the TiN films and the 
momentum flux of target species towards the substrate is shown.  
 
1. Introduction: 
The manufacturing and application of Cu(In,Ga)S2 or Cu(In,Ga)Se2 (CIGS) solar cells on flexible 
substrates offer several advantages compared to solar cells on rigid glass substrates. The solar cells 
on flexible substrates are lightweight, can be applied on uneven surfaces and can be rolled-up when 
not used. Therefore, such flexible and lightweight CIGS solar cells open new opportunities for 
terrestrial and spatial applications.  
Flexible substrates can be special heat resistant polymers or metal foils. Metal foils, such as 
stainless steel, Ti, Cu,… can be used at relative high temperatures without any deterioration of the 
substrate, but come with a diffusion problem of impurities from the metal foil to the absorber. The 
diffusion of these impurities from metal foils, in contrast to sodium diffusion from glass substrates, 
can have a negative effect on the photovoltaic properties of the solar cells [1,2]. This means that an 
additional barrier layer between the substrate and the absorber is needed to eliminate this impurity 
diffusion.  
Additionally, the photovoltaic properties of solar cells with relatively thin absorber layers (thickness 
less than 1 µm) can be further improved when using back electrodes that exhibit a higher 
reflectivity in the red and near infrared region. Indeed, it has been shown that the external quantum 
efficiency of CIGS solar cells goes down with a decreasing absorber thickness due to increased 
absorption losses [3,4]. These increased absorption losses can be compensated by a higher 
reflection in the red and infrared region of the back electrode [5,6].  
The use of transition metal nitrides can meet both needs since they exhibit a relatively high optical 
reflection in the red and near infrared region [7,8] and are known to have good barrier properties 
[9]. 
Consequently, this papers deals with the search for the controlled deposition of dense, highly 
reflective transition metal nitride thin films. Therefore, TiN thin films were deposited with reactive 
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magnetron sputtering. Several deposition conditions such as the total pressure, the N2 gas flow, the 
target-substrate distance and the type of noble gas (Ar or Kr) were varied. This noble gas type was 
varied to have plasma ions of comparable energy, but with different mass and thus different 
momentum (see later).  
Opto-electrical properties of the deposited thin films were ex-situ characterized with ellipsometry 
and UV-Vis-NIR spectrophotometry. Rutherford backscattering spectroscopy (RBS) was used to 
measure the composition. The density of the deposited thin films was calculated from X-ray 
Reflectivity (XRR) measurements or by combining RBS and profilometry results.  
Determining several substrate fluxes, such as the total energy flux, the total momentum flux and the 
separate momentum flux of the target species (sputtered and backscattered particles) at the same 
conditions as used during the depositions allows to investigate the underlying physics of the 
resulting thin film properties.  
Ideally, a relation between one of these substrate fluxes and the resulting thin film properties can be 
found, which would allow for a better control or monitoring of the deposition process of dense, 
highly reflective transition metal nitride thin films.  
 
2. Experimental: 
A vacuum chamber was pumped down to a base pressure of 10-6 to 10-7 mbar by means of a turbo 
molecular pump, backed up with a rotary pump. The gas inlet of Ar, Kr and N2 (purity of 99.995%) 
was controlled by means of mass flow controllers. The total pressure was measured with a 
capacitance gauge. TiN thin films were deposited on glass or Si substrates by sputtering a 2 inch 
diameter Ti target (99.99% purity) with an unbalanced magnetron source in a mixture of Ar/N2 or 
Kr/N2. The substrates were clamped on a grounded substrate holder at floating temperature. The 
deposition time was adapted to obtain TiN thin films of ~500 nm.  
The reactive gas flow was changed from 6 to 18 sccm, the total pressure between 0.3 and 0.8 Pa, 
and the target-substrate distance between 7 and 15 cm. When using Ar as noble gas, the pumping 
speed was fixed at 185 l/s and the discharge current at 0.9 A, resulting in a discharge power of ~350 
W. When using Kr, the pumping speed was fixed at 122 l/s and the discharge current at 0.5 A, 
resulting in a discharge power of ~250 W. These settings resulted in comparable energy and 
momentum fluxes, allowing a good comparison of both deposition series (see later). 
At similar deposition conditions, the total momentum flux towards the substrate during deposition 
was measured by means of an in-house developed momentum flux monitor [10]. A passive thermal 
probe measured the total energy flux towards the substrate [11]. Furthermore, the separate 
contribution of the sputtered and backscattered particles towards the substrate was simulated. 
Therefore, the amount, initial energy and initial direction of sputtered and backscattered particles 
when leaving the target due to the impingement of Ar, Kr or N ions was simulated by means of 
SRIM [12,13]. After simulation of the transport of these sputtered and backscattered particles 
through the gas phase by a binary collision Monte Carlo code SiMTRA [14], the momentum of 
these sputtered and backscattered particles is known when arriving at the substrate.  
Spectroscopic ellipsometry (SE) was used to measure the ex-situ opto-electrical properties of the 
deposited thin films. The SE data were measured over the photon-wavelength range of 245-1000 
nm with a step of 1.58 nm at room temperature.  
From the measured data the normal incidence reflectivity R(E) can be calculated by [15]: 
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in which n(E)  and k(E)  are the refractive index and the extinction coefficient respectively.  
The measured spectra were fitted with a combination of a Drude function and three harmonic 
oscillators [15]. When writing the Drude function as in eq. 2, the electrical properties of the TiN 
films are represented by a nondispersive constant due to core-electron and other nterband transitions 
(
∞
ε ), the resistivity ( ρ ) and the scattering time (τ ):  
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An UV-Vis-NIR optical spectrophotometer equipped with an integrating sphere was used to 
measure the total reflection from 300 to 1200 nm in steps of 1 nm.  
RBS measurements were performed to determine the areal density of Ti, N and O atoms in the 
deposited thin films using a 4He+ beam set to 2.5 MeV. Backscattered particles were recorded at 
165° with respect to the incident beam. Depth profile of each sample was extracted from 
simulations performed thanks to SIMNRA 6.04 [16] and SIMTarget [17] codes. The density of the 
TiN films was then calculated using the areal density of the Ti atoms (deduced from the depth 
profile) and the thickness of the thin films (determined by optical profilometry). This density will be 
expressed relative to the density of bulk TiN taken equal to 5.430 kg/m3.  
Finally, XRR measurements were also performed using a Seifert XRD 3000 four circle 
diffractometer equipped with a channel cut Ge (220) primary monochromator followed by a 
selection slit of 0.1mm width. From the critical angle of total reflection cθ , the mass density mρ of 
the deposited thin films can be determined [18]:   
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in which λ  is the x-ray wavelength, NA the number of Avogadro, Z the mean number of electrons 
per atom and A the mean atomic mass. For selected samples, the density was also derived from the 
fit of an optical model using Parrat’s formalism [19] to the experimental XRR spectrum. The error 
on the calculated densities is determined to be 5% by repeating XRR measurements and comparing 
those XRR results with RBS results.  
 
3. Results: 
The RBS results indicate that the Ti/N ratio is 1±0.05 for all investigated thin films. The RBS 
results also indicate an oxygen content of 10 to 25 at. % depending on the deposition conditions. 
This high oxygen content can be attributed to the presence of voids and grain boundaries in the 
sputter deposited thin films and post-oxidation in air, since the RBS measurements were performed 
ex-situ [20]. Indeed, since most depositions were performed in zone Ic or zone T depositions, 
resulting in a voided, columnar structure, a homogenous oxidation along the whole film depth is 
possible. Another evidence for the post-oxidation mechanism is the observation that the density and 
the oxygen content are related.  
For both deposition series (argon and krypton as noble gas), an influence was observed of the 
target-substrate distance, total pressure and N2-flow on the density and optical reflection. The data 
of the optical reflection, as shown in figure 1, were obtained from UV-Vis-NIR spectrophotometry, 
but similar results were obtained when calculating the reflection from SE data. Figure 1 shows the 
reflection measured at 880 nm, but the same tendencies were observed when plotting the reflection 
at wavelengths between 700 and 1200 nm. UV-Vis-NIR measurements were repeated 5 times to 
quantify the error. These errors are in the within the size of the markers.   
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Figure 1: Influence of the total pressure (a), the target-substrate distance (b), and N2-flow (c) on the density (open 
symbols) and optical reflection (closed symbols) for the argon series (squares) and the krypton series (triangles). The 
density was deduced from the XRR measurements and is expressed relative to the bulk density of TiN. The reflection is 
the total optical reflection at 880 nm as measured by UV-Vis-NIR spectrophotometry. 
 
The density as well as the optical reflection decrease with increasing total pressure. Furthermore, 
the density and optical reflection tend to drop with increasing target-substrate distance. For the Kr-
series, the density and reflection rise with increasing N2-flow while for the Ar-series, the N2-flow 
does not have a great influence on the density or the reflection.  
Beneficial for their potential use as back reflectors in solar cells, is the observation that a higher 
density apparently implicates a higher reflection. Indeed, both properties tend to be influenced in 
the same way by the different deposition conditions. This relation between the density and the 
optical reflection is confirmed in figure 2, where the density and the optical reflection of the sputter 
deposited TiN films are plotted versus each other. This observed relation is in correspondence with 
the observations of Rizzo et al. [21].  
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Figure 2: The optical reflection versus the density for both series of deposition. Both series show the same tendency: a 
higher density implicates a higher reflection.   
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Analysis of the SE data indicates that the electrical properties of the TiN films are not really 
influenced by the variation of the deposition conditions. 
∞
ε  remains constant at 5.0±0.5 and the dc 
resistivity ρ  at 3.0*10-1 ±3*10-2 µΩcm. 
 
4. Relation to the substrate fluxes: 
In order to better understand the basic mechanisms responsible for the variation in density and 
optical reflection, and to enable a better control and monitoring of the deposition process, the 
relation between several substrate fluxes and the density or optical reflection was investigated.  
 
Several authors described that the microstructure of physical vapor deposited thin films can be 
subdivided in several types or zones [22-24]. These classifications are commonly known as 
structure zone models. Recently, it was shown that the transition from one structure zone to another 
is directly related to the diffusion length of the adatoms. Increasing the diffusion length of the 
adatoms by varying the deposition conditions, can change the resulting structure of the deposited 
thin films from a zone Ia to zone Ic, zone T and finally to a zone II type [25].  
The relative diffusion length of the adatoms can be calculated from: 
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in which D is the diffusion rate of the adatoms, t the time for which an adatom can diffuse before it 
is incorporated or desorbed, Etot the total energy flux towards the substrate, and ΘM the flux of 
metallic species towards the substrate.  
In this work, the total energy flux Etot  was determined by means of a passive thermal probe [11]. 
Figure 3 shows the calculated diffusion length versus the density and the optical reflection at 880 
nm for all performed depositions.  
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Figure 3: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the diffusion length of the 
adatoms. No statistical relation is found.  
 
At first glance, there is no direct relation between the diffusion length of the adatoms and the 
density or optical reflection. Also, when applying the Kendall Tau rank correlation test [26,27], no 
statistical relation between the diffusion length and the density (z score = 1.06) or the optical 
reflection (z score = 0.10) can be found.  
It can be concluded that the density and the optical reflection are not directly related to the diffusion 
length of the adatoms, and thus also not to the structure zone of the deposited thin films. This 
observation is not in contradiction to the earlier published relation between the diffusion length and 
resulting structure zone [25]. Indeed, the resulting structure zone is determined by the mobility of 
the adatoms and/or the occurrence restructurative growth. These two processes are controlled by the 
total energy flux per deposited particle which is dissipated as heat to all adsorbed particles. Next to 
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this thermal energy, the impingement of heavy, energetic species on the growing film will result in 
a local transfer of kinetic energy to the underlying atoms. Without inducing a change of the 
structure zone, this transfer of kinetic energy can locally change the structure, resulting in a change 
of some thin film properties. Indeed, it has been reported in literature that properties such as stress 
[27,28], hardness and elastic modulus [10,13,30], impurity concentration [31], phase [32], surface 
morphology, roughness and texture [33] can be related to the total kinetic energy or momentum flux 
delivered to the substrate. 
Hence, a possible relationship between the density and the optical reflection of the deposited thin 
films and the total kinetic energy and or/momentum flux per deposited particle was investigated. 
Therefore, an in-house developed momentum flux monitor [10] measured the total momentum flux 
toward the substrate.   
Figure 4 shows the density and optical reflection versus the momentum flux per deposited metallic 
particle Mtot/Ti. 
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Figure 4: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the total momentum flux per 
deposited particle Mtot/Ti. A z-value of 3.58 and 3.27 is found for the density and reflection respectively.  
 
It can be observed that both the density and the optical reflection are increasing with increasing 
momentum flux per deposited particle Mtot/Ti. Since it was shown that the momentum transfer due 
to the impact of kinetic species on the growing thin film can cause a change in density, roughness 
and interlayer mixing [34] due to the occurrence of recoils, forward sputtering or atomic peening 
[35,36], this relation between Mtot/Ti and the density and optical reflection can be understood. 
However, it has also been reported that the impinging species should have a minimum kinetic 
energy, or should induce a minimum momentum transfer, to cause these kinetically induced 
processes. Although a threshold value to invoke kinetically induced processes in sputter deposited 
TiN could not be found in literature, we investigated in more detail the separate momentum transfer 
or kinetic energy of the contributing species, i.e. the sputtered atoms, backscattered neutrals, and 
plasma ions. In previous work [13,25], it was described how the kinetic energy of the sputtered 
atoms and backscattered neutrals can be determined by means of a combination of SRIM and 
SiMTRA simulations, and how the kinetic energy of the plasma ions can be determined by means 
of retarding field energy analyzer measurements [13]. It could be concluded that the energy of the 
plasma ions is rather low (below 5 eV) while the mean energy of the sputtered atoms and 
backscattered neutrals is generally higher (more than 10 eV) at the used deposition conditions.  
Therefore, it can be assumed that the kinetic energy of the plasma ions is below the threshold value. 
Hence, the impingement of plasma ions on the substrate will not result in kinetically induced 
processes although they contribute a lot to the total momentum flux per deposited particle. On the 
other hand, the kinetic energy of the sputtered particles and backscattered neutrals can be assumed 
to be high enough to invoke kinetically induced processes. 
In conclusion, if the changes in density and optical reflection are caused by those kinetically 
induced atomic processes, the density and optical reflection should not only be related to Mtot/Ti, 
but even better related to (Msp+Mrefl)/Ti in which Msp and Mrefl stand for the contribution of the 
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sputtered atoms and backscattered neutrals to the momentum flux respectively. In order to verify 
this hypothesis, the density and optical reflection are plotted versus the calculated (Msp+Mrefl)/Ti in 
figure 5.  
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Figure 5: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the momentum flux of 
sputtered atoms and backscattered neutrals per deposited particle (Msp+Mrefl)/Ti.  
 
Figure 5 indeed shows that there is a clear relation between (Msp+Mrefl)/Ti and the density and the 
optical reflection, which confirms the above mentioned hypothesis that the momentum transfer of 
kinetic species to the growing film controls the variation in density and optical reflection. When 
performing the Kendall tau ranking correlation test, the observed relation is confirmed to be 
statically relevant since z-scores of 5.09 (density) and 4.81 (optical reflection) are found.  
 
Conclusions: 
To manufacture CIGS solar cells on flexible metal foils, an additional barrier layer is needed to 
prevent impurity diffusion into the absorber layer. A back contact with highly reflective properties 
in the red and infrared region can further improve the external quantum efficiency of solar cells 
with thin absorber layers. Dense, highly reflective transition metal nitride thin films can combine 
both benefits, i.e. preventing impurity diffusion and increasing the external quantum efficiency. 
Here, TiN thin films were deposited with reactive magnetron sputtering. Attempting a better control 
and monitoring of the deposition of dense, highly reflective TiN thin films, a relation with the 
substrate fluxes was investigated. A clear relation with the momentum flux of the sputtered and 
backscattered particles per deposited Ti particle and the density and optical reflection was found. A 
tool to predict this momentum flux, i.e. a combination of SRIM and SiMTRA simulations, was 
presented.  
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Figure captions: 
 
Figure 1: Influence of the total pressure (a), the target-substrate distance (b), and N2-flow (c) on the 
density (open symbols) and optical reflection (closed symbols) for the argon series (squares) and the 
krypton series (triangles). The density was deduced from the XRR measurements and is expressed 
relative to the bulk density of TiN. The reflection is the total optical reflection at 880 nm as 
measured by UV-Vis-NIR spectrophotometry. 
 
Figure 2: The optical reflection versus the density for both series of deposition. Both series show 
the same tendency: a higher density implicates a higher reflection.   
 
Figure 3: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the 
diffusion length of the adatoms. No statistical relation is found.  
 
Figure 4: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the total 
momentum flux per deposited particle Mtot/Ti. A z-value of 3.58 and 3.27 is found for the density 
and reflection respectively.  
 
Figure 5: The XRR density (a) and the UV-Vis-NIR optical reflection at 880 nm (b) versus the 
momentum flux of sputtered atoms and backscattered neutrals per deposited particle (Msp+Mrefl)/Ti.  
 
